Introduction
============

Multiple bulges called brain vesicles become visible in the anterior neural tube soon after closure of the neural tube, due to tissue expansion and constriction between the vesicles. The anterior-most vesicles are called the telencephalon and diencephalon, and together they form the future forebrain. The telencephalon gives rise to the neocortex and basal ganglia, while the diencephalon generates structures that connect the neocortex and the forebrain limbic systems with the rest of the central nervous system. The diencephalon is therefore dubbed as the "interbrain" as it functions as a crucial relay and integration center, and modulates sensory, motor, and cognitive functions. Based on histological landmarks and gene expression patterns, the diencephalon is divided into segments called prosomeres, from which major anatomical structures including the pretectum, the habenula, thalamus, prethalamus, and hypothalamus arise. Compartmental development is an evolutionarily conserved mechanism that controls generation of diversity and specificity among different progenitor domains. Furthermore, the compartment boundaries often serve as signaling centers that regulate development of cells in the neighboring compartments. Here, we will review recent studies addressing the patterning and compartment formation of the diencephalon. These studies have identified the signaling molecules that pattern the diencephalon and the intrinsic determinants of different prosomeres and subdivisions of these prosomeres. Recent studies have also demonstrated that there are several lineage restriction boundaries, some of which correspond to the prosomeric borders or subdivisions. These new findings combined with other exciting advances in this field have added to our expanding knowledge of diencephalic development.

Prosomere Model: Division of the Diencephalon
=============================================

Morphological studies in chick embryos have suggested that the forebrain and in particular the diencephalon can be divided into multiple transverse segments called neuromeres that are orthogonal to the long axes of the neural tube (Bergquist and Kallen, [@B6], [@B7]; Kaellen, [@B47]; Vaage, [@B100]; Puelles et al., [@B73]). Based on morphology, position of axonal tracts and expression of cell-adhesion molecules, Figdor and Stern divided the diencephalon into four transverse neuromeres (D1--D4), with the rostral-most D1 adjacent to the telencephalon and D4 abutting the mesencephalon (Figdor and Stern, [@B20]). In the same year, Bulfone et al. ([@B10]) showed three distinct segments called prosomeres (p1--p3) in the diencephalon by analyzing four developmental regulator genes, *Dlx1, Dlx2, Gbx2*, and *Wnt3*. This and subsequent studies have led to the "prosomere model," which divides the developing forebrain into six prosomeres (Puelles and Rubenstein, [@B74], [@B75]; Rubenstein et al., [@B83]). The p1--p3 segments give rise to the pretectum (p1), the epithalamus and thalamus (previously called the dorsal thalamus) (p2), and prethalamus (p3, previously called ventral thalamus) and eminentia thalami (Figure [1](#F1){ref-type="fig"}). P1 and p2 correspond to D1 and D2, while p3 may be subdivided into D3 and D4. Although the number and their nature as lineage-restricted compartments have been controversial, the prosomere model provides a conceptual framework for understanding forebrain development by imparting morphological meaning to gene expression patterns, and thus is essential for genetic and comparative studies of the developing brain across species.

![**Schematic representation of a sagittal view of the various domains of the diencephalon in mouse embryos at E12.5**. The prosomere model predicts that the diencephalon consists of three principal prosomeres/segments. Prosomere1 (p1) corresponds to the pretectum and p3 corresponds to the prethalamus. The p2 domain consists of the progenitor domains of the rostral thalamus (rTh), the caudal thalamus (cTh), and the epithalamus. The progeny of the latter give rise to the Gbx2-positive thalamus proper. The ZLI wedge arises from the Shh positive basal plate and acts as an organizer. The entire area shaded in gray indicates the neural tube. Ncx: Neocortex.](fnins-06-00066-g001){#F1}

ZLI, a Compartment Boundary or a Self-Contained Compartment?
============================================================

Compartmental development is a fundamental mechanism for coordinating growth and patterning of the embryonic field in both invertebrates and vertebrates (Lumsden and Krumlauf, [@B60]; Kiecker and Lumsden, [@B52]). Rhombomeres in the vertebrate hindbrain are lineage-restricted compartments, in which cells freely intermingle within the same rhombomere but not with cells of the neighboring rhombomeres (Fraser et al., [@B22]). Each of these rhombomeres displays unique molecular identity and functional organization (Lumsden and Krumlauf, [@B60]). It is thus interesting to determine whether segmental development occurs in the developing forebrain in a similar fashion. By labeling single or small groups of cells in the diencephalon of chick embryos, Figdor and Stern showed that cells of each neuromere could intermingle freely within the neuromere but were restricted from crossing the border after the formation of morphological ridges at the border (Figdor and Stern, [@B20]). Compartmental development of the diencephalon is further supported by fate-mapping studies in chick-quail chimera (Garcia-Lopez et al., [@B24]). However, clonal analyses using retrovirus in chick embryos found broad dispersal of labeled clones without respecting prosomeric boundaries, casting doubts on the compartmental development within the diencephalon (Arnold-Aldea and Cepko, [@B4]; Golden and Cepko, [@B27]). Furthermore, Larsen et al. ([@B56]) showed that there was no obvious cell segregation at the border between p1 and p2 in chick embryos. However, they observed lineage segregation between p1 and the mesencephalon, as well as a lineage boundary between p2 and p3 (Larsen et al., [@B56]). Wedged in between p2 and p3 is a transverse domain called the zona limitans intrathalamica (ZLI), which is defined by the expression of *Sonic hedgehog* (*Shh*; Zeltser et al., [@B112]; Figure [1](#F1){ref-type="fig"}). Fate-mapping studies showed that ZLI cells were segregated from those of p2 or p3 cells (Zeltser et al., [@B112]). The author thus suggested that the ZLI is a self-contained compartment (Zeltser et al., [@B112]), rather than a compartment boundary (Garcia-Lopez et al., [@B24]). During embryogenesis, the prospective ZLI is first defined by the absence of expression of *Lfng* (Zeltser et al., [@B112]), which encodes a glycosyltransferase that modulates Notch signaling. Its homolog plays an important role in compartment boundary formation in *Drosophila* (Cho and Choi, [@B15]; Dominguez and de Celis, [@B18]; Papayannopoulos et al., [@B68]; Rauskolb et al., [@B78]). Perturbation of Lfng function disrupted formation of the compartment boundaries flanking the ZLI in chick embryos (Zeltser et al., [@B112]), suggesting that Lfng-mediated cell sorting contributes to the establishment of the ZLI compartment. Similar to the chick embryo, the prospective ZLI is also defined as a negative expression domain of *Lfng* and its paralog *Mfng* in mice (Zeltser et al., [@B112]; Baek et al., [@B5]). However, no developmental defect in the neural tube lacking *Lfng* has been reported so far in mice (Zhang and Gridley, [@B114]). Further studies are needed to determine whether Lfng and/or Mfng play a similar role in regulating ZLI formation in mice.

Notch signaling is known to play an important role in the formation of compartment boundaries in various systems (Cheng et al., [@B14]; Tossell et al., [@B97],[@B98]). Interestingly, a Notch effector gene, *Hes1*, is expressed in the boundary regions of the neural tube, such as the isthmus, ZLI, and rhombomeric borders (Baek et al., [@B5]). Hes proteins inhibit neurogenesis and promote gliogenesis (Kageyama et al., [@B48]). Generation of neuron-free zones is associated with the formation of specialized cells, called boundary cells, at the border of the compartments (Baek et al., [@B5]; Jukkola et al., [@B46]). Importantly, various compartment boundaries, including the ZLI, were missing in mouse embryos lacking both *Hes1* and its related gene *Hes5* (Baek et al., [@B5]). Similarly, knock-down of *her6* (equivalent to mammalian *Hes1*) leads to loss of the organizer (Scholpp et al., [@B87]). These observations demonstrate the essential role of *Hes* genes in the formation of these compartment boundaries. As other signaling pathways such as FGF and Shh have been shown to directly regulate *Hes1* expression (Ingram et al., [@B40]; Wall et al., [@B104]; Sato et al., [@B86]), it remains to be determined how Notch interacts with other signaling pathway to regulate Hes genes in the formation of the ZLI compartment. Therefore, studying regulation and function of *Hes* genes may provide insights into the establishment of the ZLI compartment.

The Formation and Function of the ZLI Organizer
===============================================

Compartment boundaries often serve as a signaling center, also called an organizer, to regulate cell fate specification of progenitors in the neighboring compartments (Irvine and Rauskolb, [@B41]; Kiecker and Lumsden, [@B52]). For example, the isthmic organizer at the midbrain-hindbrain junction patterns the developing midbrain and cerebellum through Fgf8 signaling (Wurst and Bally-Cuif, [@B108]; Sato et al., [@B85]). Genetic fate-mapping studies have demonstrated that the midbrain-hindbrain border is a lineage restriction boundary (Zervas et al., [@B113]; Langenberg and Brand, [@B55]; Sunmonu et al., [@B93]). The ZLI expresses multiple signaling molecules including Shh, and members of the Wnt and FGF families (Echevarria et al., [@B19]). Transplantation and genetic manipulation experiments have demonstrated that the ZLI acts as an organizing center and Shh is the main component of the ZLI organizer activity (Hashimoto-Torii et al., [@B31]; Kiecker and Lumsden, [@B51]; Vieira et al., [@B101]; Scholpp et al., [@B90]). In thalamic explants, different concentrations of Shh proteins induced differential expression of *Sox14* and *Gbx2*, supporting the notion that Shh proteins secreted from the ZLI act as a morphogen to control the pattern formation of the p2 domain (Hashimoto-Torii et al., [@B31]).

Based on development of the organizer in different systems, Meinhardt has proposed that the formation of an organizing center involves initial specification of two populations of cells in adjacent territories and subsequent induction of cells at the common border to express signaling molecules (Meinhardt, [@B63]). Grafting and co-culture experiments indeed demonstrated that juxtaposition of prethalamic and thalamic tissues was sufficient to induce Shh expression at the interface (Vieira et al., [@B101]; Guinazu et al., [@B29]). Several studies have revealed the molecular basis for positioning the prospective ZLI and specification of the prethalamus and the thalamus in chicken (Kobayashi et al., [@B53]; Braun et al., [@B9]; Echevarria et al., [@B19]; Vieira et al., [@B101]), zebrafish (Scholpp et al., [@B90]), *Xenopus* (Rodriguez-Seguel et al., [@B81]), and mice (Hirata et al., [@B36]). It was proposed that mutual repression between *Six3* and *Irx3* positioned the prospective ZLI in chick embryos (Kobayashi et al., [@B53]; Braun et al., [@B9]). However, the ZLI was present in *Six3*-deficient mice, indicating that *Six3* is not essential for ZLI formation (Lavado et al., [@B57]). Zinc-finger genes *Fezf1* and *Fezf2* are expressed in the rostral forebrain juxtaposed with the rostral limit of *Irx1* expression in mouse embryos (Hirata et al., [@B37], [@B36]). Deletion of *Fezf1* and *Fezf2* in mice or only *fezf2* in fish disrupts formation of ZLI and abnormal expression of genes characteristic for the thalamus or pretectum in the prethalamus (Hirata et al., [@B36]; Jeong et al., [@B43]). These results demonstrate that *Fezf1* and *Fezf2* are important for the formation of the prethalamus and the ZLI. However, deleting *Fezf1* and *Fezf2* did not completely abolish the induction of the prethalamic territory. Furthermore, a fate-mapping study in zebrafish revealed that the fate of the prethalamus was established during gastrulation (Staudt and Houart, [@B92]). These results suggest that other factors in addition to Fezf1 and Fezf2 may be involved in the induction of the prethalamus.

In mouse embryos, the expression domain of *Fezf1* and *Fezf2* abuts that of *Irx1* (Hirata et al., [@B36]). Furthermore, genetic studies showed that mutual repression between *Fezf* and *Irx* genes positioned the prospective ZLI in *Xenopus* (Rodriguez-Seguel et al., [@B81]) and mouse embryos (Hirata et al., [@B36]). In mice, there are six *Irx* genes in two genomic clusters, and genes of the same cluster have similar expression pattern in the diencephalon (Peters et al., [@B70]; Houweling et al., [@B39]; Gomez-Skarmeta and Modolell, [@B28]). The potential redundancy and close linkage of different *Irx* genes in the mouse genome create difficulties to uncover their function by gene targeting knock-out experiments (Peters et al., [@B69]; Anselme et al., [@B3]). The best available tool to analyze *Irx* function in mouse so far is the naturally occurring *Fused toes* mutant, which shows a fuzzier and reduced expression of *Shh* in the ZLI and the basal plate at E9.5, suggesting that the ZLI formation is probably affected due to loss of the *IrxB* cluster (Anselme et al., [@B3]). However, the interpretation is complicated by the simultaneous loss of three other additional genes (*Fts*, *Ftm*, and *Fto*) of unknown function in the nervous system (Peters et al., [@B69]).

In zebrafish, the expression domains of *fezf* and *irx1b* (*irx7* as well) do not juxtapose with each other (Scholpp et al., [@B88]). Furthermore, knock-down of *irx1b* resulted in a caudal expansion of the ZLI, rather than a loss of the ZLI (Scholpp et al., [@B88]). During gastrulation, members of *Otx* family, *Otx1* and *Otx2*, are broadly expressed in the prospective forebrain and midbrain (Simeone et al., [@B91]). In zebrafish embryos, *otx2* is down-regulated in the anterior neural tube and only maintained in a region posterior to the prethalamus, including the ZLI and thalamus, at the 10-somite stage (Scholpp et al., [@B88]). Knock-down of otx1 and otx2 proteins immediately before ZLI formation prevented expression of ZLI markers, including *shh*, and conditional expression of *otx2* cell-autonomously rescued *shh* expression in the prospective ZLI (Scholpp et al., [@B88]). Based on these observations, Scholpp et al. have proposed that the positioning and induction of ZLI is determined by the *fezf--otx* interface, while *fezf* and *irx1b* define the anterior and posterior limits of ZLI domain, respectively (Scholpp et al., [@B88]; Scholpp and Lumsden, [@B89]). However, strong *Otx2* expression was maintained in the prethalamus and ZLI in mouse embryos at least until E12.5 after the formation of the ZLI at E10.5 (Chatterjee and Li, unpublished observations). Furthermore, loss-of-function studies have shown that both *Otx1* and *Otx2* are required, in a dosage dependent manner, for the formation of both diencephalon and mesencephalon, including the prethalamus, ZLI, and thalamus, in mice (Acampora et al., [@B1]; Kurokawa et al., [@B54]; Puelles et al., [@B72]; Sakurai et al., [@B84]). Therefore, future studies are necessary to determine the mechanism underlying the positioning and induction of ZLI in mouse embryos.

*Shh* expression expands from the basal plate dorsally into the wedge-shaped ZLI. Cell fate mapping have shown that the characteristic progression of *Shh* expression is not a result of ventral-to-dorsal cell movement (Zeltser, [@B111]; Scholpp et al., [@B90]; Staudt and Houart, [@B92]). Therefore, *Shh* expression in the ZLI is probably induced by a polarized signaling in the ventral--dorsal direction (Zeltser, [@B111]). Using chick forebrain explant culture, Zeltser showed that Shh signaling from the basal plate was required for ZLI Shh expression in the alar plate and the dorsal progression of the ZLI organizer is regulated by inhibitory signals from the dorsal diencephalon (Zeltser, [@B111]). However, using a similar approach, Guinazu et al. ([@B29]) demonstrated that *Shh* expression in the basal plate was dispensable for the induction of the ZLI. The latter result is supported by genetic studies in zebrafish and mice (Scholpp et al., [@B90]; Jeong et al., [@B44]). In zebrafish, the ZLI *shh* expression was present in *one-eyed pinhead* mutants, which lacked the axial mesoderm and basal plate *shh* expression (Scholpp et al., [@B90]). By deleting a 525-bp intronic sequence upstream of *Shh* coding region called *Shh* Brain Enhancer-1 (SBE-1), Jeong et al. ([@B44]) specifically abolished *Shh* expression and activity in the basal plate of the mouse forebrain. Normal expression of *Shh* and other ZLI markers like *Sim1* and *Sim2* was found in the ZLI of these SBE-1 deletion mice (Jeong et al., [@B44]). Altogether, these observations indicate that *Shh* expression from the basal plate is not crucial for ZLI development in vertebrates. A recent report have shown that the requirement of ß-catenin/Wnt signaling in the formation of the ZLI organizer in the zebrafish (Mattes et al., [@B62]). Blocking ß-catenin signaling or knocking down of both *wnt3* and *wnt3a* mostly prevented ZLI organizer formation within a narrow time window of 10--14 h post-fertilization in zebrafish. Interestingly, the loss of ZLI *shh* expression was associated with enhanced apoptosis of the organizer cells and inhibition of apoptosis by simultaneous knock-down of p53 rescued the ZLI organizer in the absence of *wnt3/wnt3a*. These observations suggest that ß-catenin/Wnt signaling is mainly required for the survival of ZLI organizer cells. The molecular nature of signals that directly induce formation of the ZLI organizer remains to be determined.

In the aforementioned study, Guinazu et al. ([@B29]) also showed that signals from the dorsal diencephalon antagonized ZLI formation, and they suggested that retinoic acid (RA) is a dorsal ZLI inhibitor. Indeed, *Cyp1b1*, which encode cytochrome p450 family of mono-oxygenases to promote RA synthesis, is expressed in the chick epithalamus (Chambers et al., [@B12]; Guinazu et al., [@B29]). Furthermore, *in ovo* electroporation experiments showed that Cyp1b1 acted cell-non-autonomously to inhibit *Shh* expression in the prospective ZLI, in agreement with the involvement of a diffusible molecule like RA (Guinazu et al., [@B29]). However, no brain defect has been reported in *Cyp1b1*-null mice (Buters et al., [@B11]; Libby et al., [@B58]).

Subdivision and Compartmental Development within the p2 Domain
==============================================================

The major p2-derived structure is the thalamus, which functions as a relay station and integration center for almost all sensory and motor information to and from the cortex (Jones, [@B45]). However, in addition to the thalamus, the p2 domain is further subdivided to give rise to the epithalamus, located dorsal to the thalamus (Rubenstein et al., [@B83]). Gene expression and short-term lineage tracing experiments have recently revealed that the thalamic progenitor domain can be further divided into rostral and caudal areas (Figure [1](#F1){ref-type="fig"}). The caudal thalamus (cTh) gives rise to glutamatergic neurons, which project to the cortex, and cell bodies of these neurons constitute the nuclear complex that is traditionally viewed as the thalamus (Jones, [@B45]; Vue et al., [@B102]; Chen et al., [@B13]). In contrast, the rostral thalamus (rTh) produces GABAergic neurons, which do not project to the cortex (Vue et al., [@B102]). Significant progress has been made in the study of the development and compartmentalization of the p2 domain. The rest of the review will focus on patterning and compartment formation within the p2 domain.

ZLI organizer signals determine the position of the border between the rTh and cTh
----------------------------------------------------------------------------------

By analyzing an array of transcription factors that are known for their important roles in regulating cell fate decision, Vue et al. ([@B102]) identified the rostral thalamic progenitor domain (rTh), which is located immediately caudal to the ZLI. The rTh expresses *Nkx2.2*, *Ascl1*, and *Olig3*, while the cTh expresses *Neurog1*, *Neurog2*, and *Olig3* (Vue et al., [@B102]). Moreover, Kataoka and Shimogori showed that the rTh, also called the Rim, is a heterogeneous structure containing distinct populations of cells that express *Tal2*, *Six3/Gad67*, *Nkx2.2/Sox14*, and *Arx*, respectively (Kataoka and Shimogori, [@B50]). Vue et al. ([@B103]) demonstrated that enhancing or attenuating Shh signaling led to the enlargement or reduction of the rTh domain, demonstrating that *Shh* is important for positioning the border between the rTh and cTh. Significantly, analyzing mouse mutants lacking SBE-1 showed that, although the *Shh* expression in the ZLI was normal, rTh cells were mis-specified, indicating that the specification of the rTh is dependent on Shh signaling from both the ventral midline and the ZLI (Jeong et al., [@B44]). Fgf8, a secreted morphogen of the Fgf superfamily, is expressed in the dorsal diencephalon (Crossley et al., [@B17]; Kataoka and Shimogori, [@B50]; Martinez-Ferre and Martinez, [@B61]). Manipulations of Fgf8 signaling by *in utero* electroporation of *Fgf8* or *sFGFR3*, encoding a soluble form of FGFR3 that blocks most FGF, including Fgf8, activity, resulted in respective enlargement or reduction of the rTh and its derived nuclei (Kataoka and Shimogori, [@B50]). Changing Fgf8 activity did not affect Shh and Wnt signaling (Kataoka and Shimogori, [@B50]). Neither did changing Shh signaling affect the expression of *Fgf8* and its downstream effectors (Vue et al., [@B103]). These results suggest that the Shh and Fgf8 signaling pathways converge in patterning the p2 domain via independent mechanisms. Experiments in zebrafish have recently shown that *her6*, a homolog of *Hes1*, is important for defining the rTh (Scholpp et al., [@B87]). *her6* is initially expressed throughout p2, and gradually restricted to the rTh as neurogenesis progresses and *neurog1* and *neurog2* expression is induced in cTh cells. Furthermore, *her6* is required and sufficient to suppress *neurog1/2* and to induce *ascl1*. Given their known function in directly regulating *Hes1* (Ingram et al., [@B40]; Wall et al., [@B104]; Sato et al., [@B86]), Shh and Fgf8 may independently regulate the formation of the rTh via *Hes*1.

Short-term or long-term lineage tracing using *Ascl1-EGFP* or *Tal1-creER* transgenic mouse lines have demonstrated that the rTh cells give rise to GABAergic neurons of the ventral lateral geniculate nucleus (vLG) and intergeniculate leaflet (IGL; Vue et al., [@B102]; Jeong et al., [@B44]). Traditionally, the vLG and IGL are considered structures derived from the prethalamus, because they display clear differences from thalamic nuclei in neurochemistry and connectivity (Jones, [@B45]). Indeed, fate-mapping studies showed that in addition to other prethalamic nuclei, *Dlx5/6*-expressing cells in the prethalamus contributed to the vLG, demonstrating that the vLG is composed of heterogeneous neurons originating from the rTh and the prethalamus (Jeong et al., [@B44]). These findings imply that the compartment boundaries between p2 and the ZLI, as well as between p3 and ZLI mainly restrict the movement of progenitor cells, but not postmitotic cells. Similarly, different restrictions on progenitor cells versus postmitotic cells were previously found at the rhombomeric or pallial--subpallial boundaries (Fishell et al., [@B21]; Wingate and Lumsden, [@B107]). Therefore, compartmental boundaries are mainly required for a proliferating cell population with labile cell fates. As the fate of postmitotic cells become specified, boundary restriction becomes dispensable (Kiecker and Lumsden, [@B52]).

The cTh is a self-contained compartment
---------------------------------------

The cTh is also defined by the expression domain of homeobox gene *Gbx2* (Bulfone et al., [@B10]). The onset of *Gbx2* expression appears to be associated with cell cycle exit of thalamic neurons (Bulfone et al., [@B10]; Nakagawa and O'Leary, [@B67]; Chen et al., [@B13]). The importance of *Gbx2* in thalamic development is demonstrated by the fact that deleting *Gbx2* disrupts the histogenesis of the thalamus and abolishes almost the entire thalamocortical projections in mice (Miyashita-Lin et al., [@B65]; Hevner et al., [@B33]). Furthermore, *Gbx2* is required for the survival of thalamic neurons (Szabo et al., [@B96]). Using a *Gbx2*-*creER(T2)* knock-in mouse line, we performed inducible genetic fate-mapping studies where we showed that the entire thalamic complex was derived from the *Gbx2-*lineage, and the fate-mapped *Gbx2-*lineage formed sharp boundaries surrounding the thalamus (Chen et al., [@B13]). Interestingly, *Gbx2*-lineage did not contribute to the vLG, while fate-mapping studies using *Tal1-creER* or *Nkx2.2-cre* showed that rTh-derived cells mostly contributed to the vLG but not cTh-derived nuclei, demonstrating that cells derived from the rTh and cTh do not intermingle during development (Chen et al., [@B13]; Jeong et al., [@B44]). In the absence of *Gbx2*, the *Gbx2*-lineage abnormally contributed to the habenula and pretectum (Chen et al., [@B13]). Interestingly, although the dorsal and caudal borders of the thalamus were disrupted in *Gbx2*-deficient mice, the anterior and ventral borders appeared unaffected by the loss of *Gbx2*, demonstrating that different mechanisms may be employed in establishing these thalamic boundaries. We suggest that the disruption of the boundaries is not caused by mis-specification of the thalamic neurons. In fact, in chimeric or genetic mosaic embryos that were composed of wildtype and *Gbx2*-deficient cells, the thalamic boundaries were mostly restored, demonstrating that *Gbx2* has a cell-non-autonomous role in regulating the formation of thalamic boundaries (Chen et al., [@B13]).

The disruption of the thalamic boundaries caused by loss of *Gbx2* suggests that the establishment of the lineage boundaries surrounding the thalamus is likely achieved through active cell sorting at the border rather than by a general lack of movement of the fate-mapped cells (Chen et al., [@B13]). It is conceivable that *Gbx2* regulates expression of cell-adhesion molecules that in turn control cell segregation between the thalamus and the pretectum. In agreement with the fate-mapping result in mouse embryos, lineage restriction was discovered at the border between thalamus and pretectum in zebrafish embryos (Peukert et al., [@B71]). *pcdh10b*, which encodes a cell-adhesion molecule protocadherin, is expressed in thalamic progenitors with its caudal expression border in register with the thalamic-pretectal border (Peukert et al., [@B71]). Morpholino mediated knock-down of *pcdh10b* disrupted the lineage restriction boundary between the thalamus and pretectum (Peukert et al., [@B71]). Significantly, expression of *pcdh10b* is regulated by LIM-homeodomain (HD) transcription factors lhx2 and lhx9 (Peukert et al., [@B71]). We have recently demonstrated that *Gbx2* is essential for the normal function of *Lhx2* and *Lhx9* in mice (Chatterjee and Li, submitted). These findings suggest that *Gbx2*, *Lhx2*, and *Lhx9* may work in the same pathway to regulate the expression of *Pcdh10b*, which in turn controls the compartment boundary between the thalamus and pretectum. As suggested by the authors, it remains to be tested whether Pcdh10b is the cell-adhesion molecule whose deregulation causes the loss of thalamic boundaries observed in *Gbx2*-deficient embryos.

Development of the habenula
---------------------------

The p2 domain can be further subdivided into the epithalamus and the thalamus. The epithalamus gives rise to the habenula and pineal gland, which are evolutionarily conserved structures and are present in virtually all vertebrates. In recent years, there is a resurging interest in the habenula because of its regulatory roles in emotive decision-making and its implications in psychiatric disorders (Hikosaka, [@B34]). The habenula is further divided into the medial and the lateral habenula. The habenula receives input from the cortex, limbic system and basal ganglia through the stria medullaris (Sutherland, [@B94]; Hikosaka et al., [@B35]). The fasciculus retroflexus, also known as the habenular--interpeduncular tract, forms the output tract of the habenula and connects with the dopaminergic and serotonergic nuclei in the midbrain and hindbrain. The connectivity of the habenula suggests that it acts as an important node linking the forebrain to the midbrain and hindbrain monoamine systems that are involved in modulating emotional behaviors (Hikosaka, [@B34]). Indeed, functional imaging studies revealed that the habenula was hyperactive in patients with major depression and in healthy people when receiving negative feedback regarding a failed performance (Morris et al., [@B66]; Ullsperger and von Cramon, [@B99]; Hikosaka, [@B34]).

The habenula has been extensively studied in lower vertebrates like fish, amphibians, and reptile for its remarkable asymmetry in morphology, connectivity, and gene expression (Concha and Wilson, [@B16]; Halpern et al., [@B30]; Aizawa et al., [@B2]; Gamse et al., [@B23]). However, relatively little is known about the specification and differentiation of the habenula in mammals. The habenula was once considered to be anatomically continuous with the pretectum (Rose, [@B82]), and this structure is often overlooked or mis-labeled in literature. There are currently no specific markers for the progenitor domain of the habenula, and the epithalamus shares expression of many marker genes with the pretectum or the thalamus. By contrast, postmitotic neurons of the habenula display distinct molecular markers (Quina et al., [@B76]). POU-domain homeobox gene *Pou4f1* (also known as *Brn3a*) is expressed in the developing habenula and is essential for habenular development (Xiang et al., [@B109]; Quina et al., [@B76]). By comparing the expression profile of the E16.5 habenula with other brain regions or between wildtype and *Pou4f1*-deficient habenula, Quina et al. ([@B76]) have identified genes that are specifically expressed in postmitotic habenular neurons, including *Nurr1*, a downstream target of *Pou4f1*. The authors showed that despite of being highly heterogeneous in its composition, the habenula by itself has a molecular identity that is distinct from other brain regions including the neighboring thalamus. Genetic studies have identified molecules that are important for the development of the habenular neuronal traits, such as axon fasciculation and targeting (Giger et al., [@B25]; Kantor et al., [@B49]; Quina et al., [@B76]). However, how the habenular identity is specified remains unresolved.

Genetic fate-mapping studies have shown that the *Gbx2-*lineage is mostly restricted from crossing the border between the epithalamus and thalamus (Chen et al., [@B13]). By contrast, transplantation studies showed that cells derived from epithalamic grafts contributed to the mantle zone of the thalamus in chick embryos (Garcia-Lopez et al., [@B24]), or in organotypic explants of mouse diencephalon (Martinez-Ferre and Martinez, [@B61]). There results suggest that by some unknown mechanism the border between the epithalamus and thalamus mainly restrict cell movements in the unilateral direction. Long-term fate-mapping studies are necessary to determine the contribution and function of epithalamus-derived cells in the thalamus.

Signaling pathways that control differentiation of the cTh and the epithalamus
------------------------------------------------------------------------------

It has been shown that when the entire p2 domain is forced to express constitutively active Smoothened after E10.5 in mouse embryos, the cTh and the epithalamus persist despite the caudal expansion of the rTh (Vue et al., [@B103]). This suggests that additional signaling mechanisms are involved in controlling the identity of the cTh and epithalamus (Bluske et al., [@B8]). Recent studies have shown that Wnt and Fgf signaling play a role in development of the thalamus and the epithalamus.

Wnt signaling is important for partitioning of the anterior neural tube into the telencephalon and diencephalon with high Wnt activity inducing diencephalon while inhibition of Wnt promoting telencephalon (Heisenberg et al., [@B32]; Houart et al., [@B38]). Using explant culture and *in ovo* electroporation, Braun et al. ([@B9]) demonstrated that Wnt activity sets up the difference in competence of rostral and caudal forebrain tissues by inducing differential expression *Irx3* and *Six3* in these two domains. Furthermore, manipulation of Wnt activity demonstrated that Wnt signaling played a key role in determining the position and angle of the ZLI relative to the longitudinal axis of the neural tube, probably by regulating expression of *Irx* genes (Sylvester et al., [@B95]). In addition to its patterning role in progenitors, Wnt signaling may be also important for maintaining distinct characteristics in different postmitotic neurons derived from different prosomeres or subdivision of a prosomere. For example, it was shown that Wnt activity is required for maintaining *Gbx2* and *Dlx2* expression in tissues that express *Irx3* and *Six3* respectively (Braun et al., [@B9]). Inactivation of Wnt receptor Lrp6 results in caudalization of p1and p2, along with ectopic expression of prethalamic markers in the thalamus and failure of ZLI formation (Zhou et al., [@B115]). At later stages, Wnt signaling continues to play a role in the differentiation of thalamic nuclei (Liu et al., [@B59]), and the development of thalamocortical projections (Wang et al., [@B106]; Zhou et al., [@B116], [@B117]). Multiple Wnt ligands, as well as components of the Wnt signaling pathway, including receptors (Fz1/2/4/7/8/9/10), inhibitors (Sfrp1/2/3 and Axin1/2), and effectors (Tcf1 and Tcf4), are expressed in discrete domains of the diencephalon (Zhou et al., [@B115]; Bluske et al., [@B8]; Quinlan et al., [@B77]). One remaining challenge is to determine the identity and the mechanism of Wnt ligands in regulating development of the diencephalon.

Recent studies have revealed that FGF signaling is also important for the development of the diencephalon, although its role is less understood. *Fgf15* (or *Fgf19* in chick or fish embryos) is expressed in the thalamus, and mediates Shh function in cell proliferation within the diencephalon at the early stages in mouse embryos (Ishibashi and McMahon, [@B42]; Miyake et al., [@B64]; Gimeno and Martinez, [@B26]). Inactivation of *fgf3* and *fgf8* disrupted formation of the prethalamus in zebrafish (Walshe and Mason, [@B105]). *Fgf8* is expressed in the dorsal midline of the diencephalon. Forced expression of *Fgf8* by *in utero* electroporation promotes rTh identity in a Shh-independent pathway (Kataoka and Shimogori, [@B50]). By analyzing an *Fgf8* hypomorphic allele, Martinez-Ferre et al. showed that attenuating Fgf8 caused reduction of the habenula and thalamus (Martinez-Ferre and Martinez, [@B61]). The authors also showed an expansion of *Wnt1* expression in the thalamic midline and loss of *Wnt3a* expression in *Fgf8* mutants. It is possible that the phenotype observed in the habenula in this instance is mediated by Wnt signaling and needs to be verified by additional studies.

Conclusions and Perspectives
============================

Genetic studies have clearly demonstrated that the ZLI organizer, or specifically Shh signaling, plays an important role of patterning the diencephalon. However, the molecular mechanisms that underlie the establishment of the ZLI or regulate *Shh* expression is not completely clear. Mutual repression between region-specific genes has emerged as a common mechanism in establishing boundaries, including the ZLI, within the vertebrate neural tube. Previous studies suggest that the ZLI is induced at different interfaces, such as *Six3/Irx3* in chicken (Kobayashi et al., [@B53]; Braun et al., [@B9]), *fezf/otx* in zebrafish (Scholpp et al., [@B88]), and *Fezf/Irx* in mice (Hirata et al., [@B36]). Additional studies are required to resolve whether these apparent differences are truly specific to different species, or they reflect differences in the temporal dynamics of gene expression in different species. The timing of the establishment of the ZLI organizer appears different in various species. For example, *wnt8b* and *shh*, two ZLI organizer markers, are induced in a transverse band of cells corresponding to the prospective organizer during early and late somitogenesis in zebrafish (Scholpp et al., [@B87]), whereas the ZLI *Shh* expression is not formed until much later at E10.5 in mice. It will be interesting to determine how such differences contribute to the evolution of the forebrain. It has been suggested that the relative size of the telencephalon versus diencephalon among ecological variants of the same species of cichlid fishes can be determined by creating different angles of the ZLI structure (Sylvester et al., [@B95]). This suggests that even though the same genetic mechanism might initially determine the position of the ZLI, further variation can be achieved to allow better adaptation to the external world.

It has been previously shown the compartment boundary mainly restricts cell movements of proliferating progenitors but not postmitotic cells (Fishell et al., [@B21]; Wingate and Lumsden, [@B107]; Kiecker and Lumsden, [@B52]). Lineage-restricted boundaries that were recently revealed by fate-mapping studies in mice seem to also apply to postmitotic cells (Chen et al., [@B13]; Jeong et al., [@B44]). Unlike the cortex, where neurons are arranged in laminar structures, diencephalic neurons aggregate to form distinct nuclei. The molecular mechanism that regulates specific grouping of neurons during differentiation of nuclei remains largely unknown. In the developing central neural tube, the expression of several cadherin molecules is restricted to developmental compartments as well as nuclei (Redies and Takeichi, [@B80]; Redies et al., [@B79]; Yoon et al., [@B110]). Therefore, establishment of compartments in the diencephalon and nuclei may share common mechanisms. Interestingly, genetic inducible fate mapping of *Gbx2* expressing cells at different stages have revealed that different thalamic nuclei display a distinct onset and duration of *Gbx2* expression. These observations raise an interesting possibility that the dynamic and differential expression of *Gbx2* may lead to segregation of *Gbx2*-positive neurons from *Gbx2*-negative neurons, which have not yet started to express *Gbx2* or have lost *Gbx2* expression.

As we progress in terms of our knowledge in this field, many of the questions raised will be answered and many more interesting will come up. We have not yet reached the threshold of knowing about the diencephalon. So we hope that this excitement will continue.
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